To identify immunologic factors that modulate the risk of herpes zoster (HZ), we compared varicella-zoster virus (VZV)-specific and nonspecific T-cell subpopulations of 47 HIV-infected children before they developed HZ with those of 141 VZV-positive HZ-negative matched controls. Compared with controls, HZ cases had lower VZV-specific CD8 ؉ CD107a ؉ cell percentages independently of CD4 ؉ percentages or HIV loads, suggesting that VZV-specific cytotoxic T cells are protective against HZ. In contrast, high nonspecific regulatory and activated T cells were associated with an increased risk of HZ.
CD4, -CD8, -CD25 (Beckman Coulter), and -TGF-␤ (IQP Products) and intracellularly with anti-TGF-␤, -FoxP3 (eBioscience), -PD-1, and -IL-10 (BD Biosciences). For Teff, PBMC were stimulated for 5 days with the cell-associated VZV Oka vaccine strain (9.6 ϫ 10 4 PFU/ml) or medium. The virus was grown in primary human lung fibroblasts. On day four, brefeldin A (Sigma) and anti-CD107a (BD Biosciences) were added (6) . On day five, PBMC were surface stained for CD4, CD8, CD25, and TGF-␤ and intracellularly for IL-2, tumor necrosis factor alpha (TNF-␣), (eBioscience), MIP-1␤, and gamma interferon (IFN-␥) (BD Biosciences). Flow cytometric analyses were done with the Guava EasyCyte Plus system (Millipore) and the FlowJo software program (Treestar). VZV-specific Teff and Treg were expressed as percentages of the parent CD4 ϩ or CD8 ϩ lymphocytes.
Fisher's exact test was used for categorical variables and a generalized estimating equation (GEE) was used for continuous variables while accounting for matching. For continuous variables with small sample sizes, the Wilcoxon rank-sum test was used. Spearman's rank order correlation analysis was performed to examine the strength and statistical significance of associations. Multivariable analyses used standard logistic regression to examine the predictive value of Treg or Teff while controlling for CD4 ϩ cell percentages and/or plasma HIV RNA copies/ml. Since this was an exploratory study, no adjustments were made for multiple comparisons, which may have created an overly conservative criterion resulting in our missing suggestive findings. The P values of the differences may be overestimates.
Forty-seven subjects met inclusion criteria for HZ cases; 141 matched controls were identified (Table 1) . HZ cases had significantly lower CD4 ϩ cell percentages and higher HIV loads but no other differences.
Nine of 47 cases and 33 of 141 controls had sufficient PBMC to perform the stimulation assays (Table 2) . Compared with controls, cases had higher or similar but not lower expression of Th1 markers by CD4 ϩ T cells. Specifically, CD4 ϩ MIP-1␤ ϩ and CD4 ϩ IL-2 ϩ cell percentages were higher under VZV-stimulated and unstimulated conditions. No significant differences were observed in CD4 ϩ TNF-␣ ϩ or CD4 ϩ IFN-␥ ϩ percentages or in any double-positive populations under VZV-stimulated or unstimulated conditions. In contrast, VZV-stimulated CD8 ϩ CD107a ϩ cell percentages were significantly lower for cases than for controls (P ϭ 0.02). No significant differences were observed in unstimulated CD8 ϩ CD107a ϩ cell percentages(P ϭ 0.42) or other CD8 ϩ subpopulations.
In a multivariable analysis that included VZV-specific CD8 ϩ CD107 ϩ cell percentages, CD4 ϩ percentages, and plasma HIV RNA copies/ml, only a low CD8 ϩ CD107 ϩ cell percentage remained significantly associated with HZ, indicating its strong predictive value for protection against HZ in HIV-infected children and adolescents.
Treg were measured in PBMC of 33 cases and 100 controls (Table 3) . Compared with controls, HZ cases had significantly higher CD4 ϩ TGF-␤ ϩ , CD4 ϩ IL-10 ϩ , and CD4 ϩ PD1 ϩ cell percentages. The total CD4 ϩ FoxP3 ϩ percentages and the CD4 ϩ FoxP3 ϩ CD25 ϩ Treg percentages tended to be higher in HZ cases. No significant differences were observed for CD8 ϩ Treg.
In a multivariable analysis controlling for CD4 ϩ cell percentages, higher CD4 ϩ TGF-␤ ϩ and CD4 ϩ PD1 ϩ percentages remained significantly associated with the occurrence of HZ (P ϭ 0.03), but CD4 ϩ IL-10 ϩ percentages did not. When plasma HIV RNA levels were controlled for, however, neither the Treg subpopulations nor the CD4 ϩ cell percentages maintained significance.
To understand the factors that affect the frequency of Treg in HIV-infected children and adolescents, we performed correlation analyses of the CD4 ϩ Treg subpopulations with CD4 ϩ percentages and plasma HIV RNA concentrations (Table 4 ). Higher CD4 ϩ FoxP3 ϩ and CD4 ϩ TGF-␤ ϩ percentages were weakly associated with lower CD4 ϩ percentages and higher plasma HIV RNA levels. In contrast, higher CD4 ϩ IL-10 ϩ and CD4 ϩ PD1 ϩ percentages were associated with higher CD4 ϩ percentages and lower plasma HIV RNA levels. CD4 ϩ CD25 ϩ FoxP3 ϩ percentages were not significantly associated with CD4 ϩ percentages or plasma HIV RNA levels. Among the effector T cell populations, only the CD8 ϩ CD107a ϩ percentages were significantly lower prior to HZ cases than for non-HZ controls, suggesting that these cytotoxic T lymphocytes (CTL) are important in protecting against HZ. It is likely that when VZV reactivates, CTL eliminate VZV-infected cells and thereby limit viral replication and prevent disease. Studies in healthy individuals demonstrated a robust VZV-specific CD8 ϩ CTL response to VZV infections (17, 36) , although the protective effect of CD8 ϩ CD107a ϩ effectors against VZV disease or asymptomatic reactivation had not previously been established. The strength of our results is tempered by the limited number of samples tested. However, our finding has strong biologic plausibility, and the association between high levels of CTL and a low risk of HZ was independent of CD4 ϩ percentages and HIV loads, which frequently dominate this type of correlation analysis. The HZ vaccine stimulates VZV-specific CD8 ϩ cells in immunocompetent vaccinees (31) , and it will be important to determine if it also boosts VZV-specific CTL in HIV-infected individuals.
High frequencies of VZV-specific CD4 ϩ memory T cells have been associated with protection against HZ in elderly individuals and transplant recipients, groups that are at as high a risk of developing HZ as the HIV-infected individuals (16, 28, 46, 47) . In our study, HZ cases had lower CD4 ϩ percentages than non-HZ controls, which is in agreement with previous reports (40) . However, using traditional Teff markers, we did not find significant associations between protection against HZ and the proportions of CD4 ϩ Teff. This may have been an artifact of the small number of samples tested but may also indicate that VZV-specific CD4 ϩ Teff are not fully functional in HIV-infected individuals or that they may be too few for an effective anti-VZV response.
It is noteworthy that IL-2 and MIP-1␤ expression was more common in CD4 ϩ T cells of HZ cases, but this was not VZV specific, probably reflecting higher level of T cell activation in HZ cases. HZ cases had more HIV replication than matched controls, providing a potential explanation of the difference in T-cell activation. It is unclear if this higher level of nonspecific T-cell activation contributes to VZV reactivation and/or to the viral expansion necessary for the genesis of symptomatic disease.
We found that higher CD4 ϩ IL-10 ϩ percentages, CD4 ϩ TGF-␤ ϩ percentages, and CD4 ϩ PD1 ϩ percentages were associated with an increased risk of HZ. These data are the first demonstration of an association between Treg frequencies and development of HZ. Higher frequencies of Treg may increase the risk of HZ by several mechanisms: (i) cytokines and other mediators secreted by Treg may stimulate VZV reactivation, and (ii) Treg inhibition of Teff could allow reactivated VZV to spread in the dorsal root ganglion, travel to the skin and/or invade the bloodstream (i.e., become clinically apparent), and/or promote VZV infection of skin.
The multivariable and correlation analyses of Treg, CD4 ϩ percentages, and plasma HIV load showed that the relationship of all Treg subpopulations with development of HZ was associated with HIV replication, while the relationship of CD4 ϩ TGF-␤ ϩ percentages and CD4 ϩ PD1 ϩ percentages with HZ was independent of CD4 ϩ percentages. Moreover, higher CD4 ϩ TGF-␤ ϩ percentages were found in subjects with lower CD4 ϩ percentages and higher plasma HIV RNA. Taken together, this suggests that CD4 ϩ TGF-␤ ϩ Treg increase in response to HIV replication and/or promote HIV replication and consequent CD4 ϩ T-cell depletion while simultaneously promoting VZV reactivation and/or replication. This suggests that the CD4 ϩ TGF-␤ ϩ Treg have nonspecific regulatory activity.
The dynamics of the CD4 ϩ PD1 ϩ cells is more complex, since higher CD4 ϩ PD1 ϩ percentages were observed in subjects with higher CD4 ϩ percentages and lower HIV loads. PD1 expression is found in regulatory, activated, or exhausted T cells. The regulatory activity of CD4 ϩ PD1 ϩ cells was originally described for mice (33, 37) , where it was proposed that unlike the surface expression by conventional CD4 ϩ PD1 ϩ cells, CD4 ϩ PD1 ϩ Treg maintained PD1 in the cytoplasm (32) . We measured intracellular PD1. A recent publication proposed that human CD4 ϩ PD1 ϩ cells represent memory cells (9) . Although our findings that CD4 ϩ PD1 ϩ percentages increase with higher CD4 ϩ percentages and decrease with higher HIV replication differ from findings for other Treg studied here, this pattern is still consistent with the behavior described in some studies for Treg subpopulations of HIV-infected individuals (18, 21) . Furthermore, it is unclear how higher frequencies of memory T cells would predispose to a higher incidence of HZ. Hence, it is most likely that the CD4 ϩ PD1 ϩ cells detected in excess in HZ cases represent Treg.
In conclusion, in addition to the protective role of VZVspecific CD8 ϩ CTL against HZ, we demonstrated in HIV-infected children and adolescents that higher frequencies of Treg and higher T cell activation are associated with an increased risk of HZ. Further studies are needed to identify the mechanisms by which these T cell subpopulations contribute to the development of HZ and if they are also associated with a higher incidence of HZ in other high-risk individuals.
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